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Holymer Gel-Processing Techniques and High Modulus Products 
Cross-Referent m Relat ed Applications 

This application claims the benefit of U.S. provisional application 60/149,616, filed 
5 February 26, 2003, which is hereby incoi poraled in its entirety by reference. 
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Field of the Invention 

The present invention relates to a method of gel-processing polymers and to hi** modulus 
polymer products. 

Backgrou nd of the Invention 

Convenient gel-processing techniques have been developed for polyethylene to provide 
articles (e. K . fibers and films) of good mechanical properties. See, e.g., US Patent 4.422.993, 
which is hereby incorporated in its entirety by reference. However, efforts to employ gel- 
processing technique to provide polypropylene articles of good mechanical properties have, 
at best, only seen moderate success and/or lead to cumbersome processing schemes. See, e.g.. 
Bastiaansen et al, "Makromol Chem MacromoLSymp." 1989, 28:73; Peguy el al, "Polym 
Common", 1984,25:39; Matsuo et al., "Polym J", 1986, 18:759; Ohta et al., "Polymer. 
1998, 20:4793; and US Patent 4,413.1 10. Particularly, the processing techniques appear to be 
impractically slow, therewith preventing fiber production on an industrial scale. 



For instance, referring to the literature mentioned above, reguy * al. describes the formation 
of gel-films by quenching hot solutions of polypropylene (hereinafter also referred to as "PP") 
in decalin to -25 °C and leaving the material for several hours. Ohta e/ a/, mentions the 
25 method of pressing "gel-like spherulites", which were prepared at a cooling rate as low 03 1 .5 
°C/min. U.S. Patent 4,4 13,1 10 reports producing gel-fibers of PP by extruding 8 wt % 
solutions of the polymer in paraffin oil and extracting the latter with trichlorotrifloroethane at 
a speed of only about 6 m/min. 
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The lack of a convenient process to convert PP into high-pertormance products is unfortunate 
because, even though the theoretical ultimate stiffness and strength of PP are mentioned to be 
somewhat lower than those of polyethylene (eg., Kausch in "Polymer Fracture", Springer 
Berlin, 1992, p. 6), the significantly higher melting temperature of rP, especially when 
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constrained (Bastiaansen ex at. in "Makromol. Chem. Macromol. Symp.", 1989, 28:73), 
would provide distinct advantages over polyethylene. 

Inferences mentioning employing polyolcfins in the formation of porous membranes inrh.de 
5 U.S. Patent 6,632,850 (which is hereby incorporated in its entirety by reference); JP-A- 
08012799; JP-A-05222236; and JP-A.0W03226. 

The article by Kristianscn et al. in the journal "Polymer", vol. 44, p. 5885-5891 (2003) 
mentions isotactic polypropylene and the nucleating agent DMDBS. 

10 

Objectives of the present invention include providing polymer gel-proccssing techniques with 
reduced gelling times and providing polymer articles of high modulus. 

Summary of the Wnrinn 

1 5 The present, invention provides improved gel-proccssing techniques. In one embodiment, the 
present invention provides a process comprising: 

(a) dissolving a polymer in a solvent to form a polymer solution, wherein said polymer 
solution further comprises one or more nucleating agents; 

(b) gelling said polymer solution to form a gel-processed polymer; 

20 (c) optionally, removing at least part of said solvent from said gel-processed polymer, 
(d) drawing said gel-processed polymer. 

Also, the present invention provides polymer articles of high modulus, including articles 
produced with polymers of moderate molecular weight. In one embodiment, the present 
25 invention provides a polypropylene fiber, wherein 

(a) the weight average molecular weight of the polypropylene used to produce said fiber is 
less than 750,000 s/mol; and 

(b) said fiber has a Young's modulus of at least 15 GPa. 

30 Additional objects, advantages and features of the present invention are set forth in Ibis 

specification, and in part will become apparent to those skilled in the art on examination of the 
following, or may be learned by practice of the invention. The inventions disclosed in this 
application are not limited to any particular set of or combination of objects, advantages and 
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features. It is contemplated that vaiiuus combinations of the stated objects, advantages and 
features make up the inventions disclosed in this application. 

Brief Des cri ption of the Drawings 

Figure 1 : Graphs of Young's modulus (a), tensile strength (b) and elongation at break (c) as a 
function of draw ratio for PP samples prepared by DMDBS-assisted gel-pmcessing/drowing. 
In the diagrams the symbols refer to the following concentrations: triangles = 2.5 wt % 
PP/0.012.<>wt%DMDBS; squares = 3.0 wt % PP/0.01 5 wt % DMDBS; and circles -4.0wt 
7o PP/0.02 wt % DMDBS. 

Figure 2: DSC melting thermograms of gel-processed/drawn PP under constrained (upper 3 
thermograms) and unconstrained (bollom thermogram) conditions. 

Figure 3: Graphs of Young's modulus (a), tensile strength (b), and elongation at break (c) as a 
function of draw ratio. 

Detailed Description of the Invention 

Preliminarily: Although the present gel-processing techniques are illustrated primarily in 
reference to isotactic polypropylene, the invention set forth herein is not limited to isotactie 
propylene and includes other (semi-Jcrystalline polymers, for instance polyethylene and co- 
polymers thereof, polyisoprene, polybutadiene, cyclic polyolcfins, poly(vwyl a lcohol) and 
copolymers thereof, natural polymers such as starch, polyamides, polyesters, polyacctals such 
as polyoxymethylcnc, polykctonea, polystyrenes, fluorinated polymers, conjugated polym 
including but not limited to substituted and unsubstiluted polyacetylene, polythiophei 
polyaniline, and the like, and copolymers and blends thereof. 



crs 

nes, 



The present invention provides a gel-processing technique for polymers. In one embodiment, 
the present invention provides a method comprising gel-processing a polypropylene polymer 
with the use of nucleating agents. 

Gel-processing 

In the present process, one or more polymers are dissolved in a solvent, for instance at 
elevated temperatures, to form a polymer solution. In addition, an effective amount of one or 
more nucleating agents are present in the polymer solution. In one embodiment, the one or 
more polymers are dissolved in the solvent at a temperature of at least 50X, for instance at 
least 100T, at least 125*C, at least 150«C, or at least 175'C. In one embodiment, the one or 
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more polymers are dissolved at a temperature of less than 300°C, for instance less than 250"C 
eplcss than 200 e C, less than 190°C, or less than 180°C. In one embodiment, the one or more 
polymers arc dissolved below ihe melting temperatures of the one or more polymers, for 
instance at least 10°C, at least 20°C, at least 30°C, or at least 40°C below the melting 
temperature of the one or more polymers. In one embodiment, the polymer solution further 
includes additives, for instance dyes, cross-linking agents, UV stabilizers, antioxidants, and 
the like. 

The polymer solution is then gelled, for instance by cooling the solution and/or hy extracting 
part or all of the solvent. Although not wishing to be limited by auy particular theory, the 
gelling of the solution is attributed to the formation of polymer crystallites upon 
coobng/extraction, resulting in an elastic coherent mass (a gel), often having a turbid 
appearance. 

In one embodiment, the gels are shaped (for instance in fiber or film shape). e.g. by extruding 
the polymer solution through appropriate dies and then cooling the solution and/or quenching 
the solution in an extraction bath. 

In one embodiment, part or all of the solvent in the gels is removed prior to further processing 
the gel into, for instance, drawn films or fibers. In another embodiment, part or all of the 
solvent in the gels is removed during further processing the gel into, for instance, drawn films 
or fibers. Examples of methods to remove the solvent include, for instance, evaporation and 
extraction. See ahv US Patents 4,422.993, and 4,413,1 10, which are hereby incorporated in 
their entirety by reference. 

In one embodiment, the gel (also referred to as "the gel-processed polymer") is stretched 
(drawn) in a multi-stage stretching process. For instance, in one embodiment, the stretching 
process comprises stretching the gel-processed polymer to a first draw ratio at a first 
temperature (e.g. in the range of 3(M30"C, for instance 1 10-125'C) and to a second draw 
ratio at a second temperature (e.g. between 130 and 160*C). Li another embodiment, the 
stretching process comprises stretching the gel-processed polymer to a third draw ratio at a 
third temperature, e.g. about 160 - about 175 *C. In one embodiment, the stretching process is 
a uniaxial stretching process. Iu anolher embodiment, the stretching process is a 
multidirectional stretching process, e.g. a biaxial stretching process. 
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Iu oiic embodiment, the gel-processed polymer is drawn to a draw ratio Jt (final length divided 
by initial length) of at least 1 5. for instance at least 20, at least 30, at least 40, at least 50, or al 



least 60. 



In one (biaxial) drawing embodiment, the gel-proccssed polymer is drawn at least 2x2 times, 
e.g. at least 4x4 times or at least 6x6 times. 

In one embodiment, the drawn, gel-processed polymer has a Young's modulus of at least 10 
I » GPa, for instance at least 15 GPa, at least 20 GPa, at least 25 GPa, at least 30 GPa, or at least 
35 GPa. 

In one embodiment, the drawn, gel-processed polymer has a tensile strength of at least 0.5 
GPa, for instance at least 0.6 GPa, at least 0.7 GPa, at least 0.8 GPa, at least 0.9 GPa, or at 
15 least 1.0 GPa. 

In one embodiment, the drawn, gel-processed polymer has a peak melting temperature under 
constrained conditions (See Example section infra) of at least 170°C, for instance at least 
185°C, at least 195°C, at least 205X, at least 215'C. or at least 225°C. The peak melting 
20 temperature is generally below 275°C. 

hi one embodiment, the drawn films and fibers, or otherproducts resulting fiom the processes 
according to the present invention, are post treated, for instance annealed, surface treated, or 
cross-linked, or embedded into a matrix. 

25 - . 

Polymer 

hi a preferred embodiment, the polymers for use in the present invention are substantially 
comprised of (isolactic) propylene. It is also contemplated according to the present invention 
that the polymer may comprise an amount of co-monomer, for instance up to 10 percent by 
30 weight, up to 5 percent by weight, or up to 2 percent by weight. Examples of co-monomers 
include, for instance, monoolefins containing 2 to about 12 carbon atoms (e.g. 2-8 or 2-6 
carbon atoms), vinyl acetate, maleic anhydride, and the like. 
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In one embodiment, the polymer is of a weight average molecular weight (Mw) of at tost 
50,000 g/mol, for instance at least 100,000 g/wol, at least 250,000 g/mol or at least 400.000 
g/mol. In a further embodiment the weight average molecular weight of the polymer is less 
than 750,000 g/mol, for instance less than 700,000 g/mol, less than 600,000 g/mol, less than 
5 500,000 g/moL or less than 490,000 g/mol. In another embodiment, the weight average 
molecular weight is at least 750,000 g/mol for instance at least 1,000,000 g/mol or at least 
2,000,000 g/mol. Generally, the molecular weight is below 15.000.000 g/mol. 

In one embodiment, the polymer is of a number average molecular weight (Mn) of at least 
1 0 1 0,000 g/mol, for instance at least 70,000 g/mol, at least 50,000 g/mol, or at least 70,000 
g/mol. In a further embodiment, the number average molecular weight of the polymer is less 
than 750,000 g/mol, for instance less lliau 700,000 g/mol, less than 600,000 g/mol. less than 
500,000 g/mol, or leas than 490,000 g/mol. In another embodiment, the number average 
molecular weight is at least 50,000 g/mol, for instance at least 100,000 g/mol or at least than 
1 5 200,001) g/mol. ( ienerally, the molecular weight is below 15,000,000 g/mol. 

In one embodiment, the polydispcrsity (Mw/Mn) is less than 100, for instance less than 50, 
less than 20, less than 15, less than 10, less than 8, less than 7, or less than (5. Tlic 
polydispersity is 1 or more, e.g. at least 2 or at least 3. 

20 

The polymer concentration in the polymer solution may vary and may to an extent depend on 
the molecular weight of the polymer used. In one embodiment, lower concentrations are 
preferred for polymers of higher molecular weights to facilitate cxtnisiun. Also, although not 
always, higher maximum draw ratios may be obtained for fibers/films prepared from solutions 
25 of lower polymer content. 

In one embodiment, the polymer solution comprises, relative to the total weight of solvent, 
less than 150 weight percent of polymer, for instance less than 100 weight percent less than 
75 weight percent, less than 50 weight percent, less than 35 weight percent, less than 25 
30 weight percent less than 20 weight percent, less than IS weight percent, lees than 12 weight 
percent, less Qian 10 weight percent, less than 8 weight percent, or less than 6 weight percent. 
Generally, the polymer solution comprises, relative to the total weight of solvent at least 0.5 
weight percent polymer, for instance at least 1 weight percent polymer or at least 2 weight 
percent polymer. In one embodiment, the polymer solution comprises, relative to the total 
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weight of solvent, at least 5 weight percent of polymer, e.g. at least 10 weight percent, at least 
20 weight percent, or at least 30 weight percent of polymer. 

Nucleating agent 

5 A wide variety uf nucleating agents may he employed in the present invention. Examples of 
nucleating ogents include, for example inorganic substances, such as talcum, metal oxides, 
such as titanium dioxide or magnesium oxide, phosphates, carbonates or sulfates of; 
preferably alkaline earth metals; organic compounds, such as mono- or polycarhoxylic acids 
and the salts thereof, e.g. 4-tert-butylbenzoic acid, odipic acid, diphcnylaceric acid, sodium 
10 succinate 01 sodium benzoate; polymeric compounds, such as ionic copolymers (ionomers). 
Further examples of nucleating agents include those based on sorbitol, for instance 1,3-2,4- 
di(ben2ylidene)-D- e orbitol (MILLAD 3905, MUliken Chemical Co.; IRGACLEAR D, Ciba 
Specialty Chemicals); l,3-2 > 4-di(/|-tolylidcnc)-D-sorbitol (MILLAD 3940, Milliken Chemical 
Co.; NC-6, Mitsui Petrochemical Industries, Ltd.); l,3-2,4<3,<Wimethylben2yUdene)-D- 
15 sorbitol (MILLAD 3988, Milliken Chemical Co.); l.S^^-diC^ethylbenzylideneVD-sorbitol 
(NC-4, Mitsui rctrochcnucal Industries, Ltd.). Further examples of nucleating agents include 
tricarballytic acid type amide compounds described in JP-A-Hei 7/778,374, trimesic acid 
derivative, disclosed in EP-A-940,431 and Jr-A-IIci 0(3/192,496. and the like. Also, 
examples of nucleating agents include those based upon salts of phosphoiic acid, for example, 
20 2,2 , -methylci>bis-(4,6-di-ten-butylphenyl)phosphate (ADEKA STAB NA11 and ADEKA 
STAB NA21, Asahi Denka Kojjyo), upon salts of carboxylic acid, for example sodium 
benzoate, upon carboxy-aluminum-hydroxides such as aluminum hydroxy-bis[4-(tert 
butyDbenzoatej (SANDOSTAB 4030, Cloriant GmbH), upon salts of rosin/adiehetic acid 
(PINECRYSTAL KM-I300, PINECRYSTAL KM-1600, Arakawa Chemical Industries, 
25 Ltd.). Even further examples include zinc (II) monoglycerolate (PRIFER 3888, PRIFER 
3881), and di-sc-dium salt uf cis-endo-bicyclo(2.2.1)he P tane 2,3-dicarboxylic acid 
(HYPERFORM HPN 68, Milliken Chemical Co.). A further example is N,N'.dicyclohexyl- 
2.6-naphthaiene carboxamide ("NU-100", New Japan Chemical). In one embodiment, alpha 
nucleating agents are employed. In another embodiment, beta nucleating agents are 
30 employed. Also, mixtures of. e.g.. alpha and beta nucleating agents may be employed. 

Preferred nucleating agents include those that dissolve (at least partly) in the polymer solution. 
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The concentration of nucleates agent in the polymer solution may vary. In one embodiment, 
the concentration of nucleating agent in the polymer solution is. relative to the total weight of 
solvent, less than 5 weight percent, for instance less than 3 weight percent, less than 1 weight 
percent, or less than 0.5 weight percent. Advantageously and surprisingly, ihc present gel- 
processing technique allows embodiments employing even lower concentrations, for instance 
less than 0.25 weight percent, less than 0.15 weight percent, less than 0.1 weight percent, less 
than 0.075 weight percent, less than 0.05 weight percent, less than 0.07.5, or even less than 
11.010 weight percent of one or more nucleating agents. In one embodiment, the polymer 
solution comprises, relative to the total weight of solvent, at least 0.001 weight percent of one 
or moic nucleating agents. 

In one embodiment, at least part of the one or more nucleating agents are recovered from the 
gels. In another embodiment, for instance in embodiments where the one or more nucleating 
agents are present in only very small amounts, the one or more nucleating agents are left in 
the finished, gel-processed polymer products. 

Solvent 

In one embodiment, the solvent used is decalin (dccahydronaphthalene). Further examples of 
solvents include, e.g., mineral oils or paraffin oik. The solvent may be a mixture of solvents. 
The appropriate solvent for an embodiment (as well as the process of solvent removal) will be 
reodily determinable by diosc skilled in the an of gel-processing having the benefit of the 
present invention. 

Product 

The polymers may be gel-processed into a variety of articles, including films, fibers, foams, 
sheets, tubes, non-woven fabrics, and the like, and may he advantageously used in a variety of 
products. For example, marine ropes and cables, such as the mooring lines used to secure 
supertankers to loading stations and the cables used to secure deep sea drilling platforms to 
underwater anchorage, are presently constructed of materials such as nylon, polyester, 
aramids and steel which are subject to hydrolytie or coirosive attack by sea water. 
Consequently, such mooring lines and cables are typically constructed with significant safety 
factors and/or are replaced frequently. The significant weight and the need for frequent 
replacement create substantial operational and economic burdens. The products according to 
die present invention may he used to address these concerns. Odier applications for the fibers 
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and films of this invention include reinforcements in thermoplastics (including propylene 
polymers), thermosetting resins, elastomers, and concrete. The reinforced materials may be 
used, for instance, in or as pressure vessels, hoses, soils, power transmission belts, auti- 
ballistic products such as bullet-proof vests and panels, sports and automotive equipment, or 
building construction. Further examples of applications, tor instance for multiaxially 
stretched films according to the present invention, include porous membranes. 

Examples 

The following examples are given as particular embodiments of the invention and to 
demonstrate the practice and advantages thereof. It is understood that the examples are given 
by way of illustration uuly and are not intended to limit the specification or the claims that 
follow in any matter. 

Unless indicated otherwise, all polymer weight percentages mentioned in the examples are 
relative to the total weight of the polymer solution and all nucleating agent weight percentages 
arc relative to the total weight of solvent. 

Materials 

Polymer: Unless indicated otherwise, the polymer used was isotaotic polypropylene having a 
viscosity-average molecular weight, measured in tetralin at 135 °C, of 1.3 x 10° g/mol. 
Nucleating agent: Unless indicated otherwise, the nucleating agent used was l,3:2,4-bis-(3,4- 
dimethyl benzylidene) sorbitol ("DMDBS", MILLAD 3988, Milliken Chemical, Belgium). 
Antioxidant: the antioxidant used was tetra [3-(3,5-di-t-butyl-4-hydroxyphenyl) propionate] 
(IRGANOX 101 0, Ciba Specialty Chemicals, Switzerland). 

Solvent: the solvent used was decalin (decahydronaphthalene, cis/trans isomeric mixture, 

purchased from Fluka AG). 

All materials were used as received. 

Test Methods 

Mechanical Prop.enies. Tensile strength, Young's modulus, and elongation to break were 
determined from stress-strain curves obtained by tensile testing at room temperature (23°C) 
using Instron tensile testers (models 4464 and 441 1). The initial sample length was 100 mm 
and the cross-head speed was 100 mm/min. 
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TJeraial Analisis. Differential scanning calorrrnetry (DSC, Perkin Elmer DSC-7 Iristrument) 
was used to detemiiac the melting temperanires of drawn samples both under unconstrained 
ond con3tmincd conditions. For determination uf melting temperatures of material under 
constrained conditions, specimens (100 mm length) were wound around a thin copper wire 
5 and the thus obtained assembly was placed into a sample pan for DSC measurement. Melting 
temperatures reported for unconstrained material were determined on samples that were cut to 
a length of about 2-3 nun aaid directly placed in a DSC sample pan (i.e. without winding 
around a copper wire). The DSC thermograms were recorded at a heating rate of 10 °C/min 
and under nitrogen atmosphere. The melting temperatures referred to herein are the 
1 0 temperatures corresponding to the highest peak in the DSC thermograms. 

Comparative Example A: DMD BS/decgljn 

DMDBS/dccalin solutions were prepared by dissolving, in a glass rube, a particular amount 
(See Table below, wtVo relative to the total weight of decalin) of DMDBS in 20 mL of decalin 

15 at a temperature between 1 50 and 1 8S°C 3 with the higher temperatures being used for higher 
concentrations of DMDBS to achieve complete dissolution (in particular for concentrations 
exceeding 0.4 wt%). Subsequently, the thus obtained homogeneous .solutions were allowed to 
cool down to room temperature. Rapid gel formation was observed upon cooling solutions 
containing DMDBS at concentrations of 0.1 wt % and more. At DMDBS cuuecnlrations 

20 below 0.075 wt % no gelation was observed upon cooling the decalin solutions down to room 
temperature. 



Table 1: DMDBS/Dccalin 



No. 


DMDBS (wt%) 


Gelation 


1 


0 025 


No 


2 


0.05 


No 


3 


0.075 


No 


4 


0.1 


Yes 


5 


0.125 


Yes 


6 


0.15 


Yes 


7 


0.4 


Yes 


8 


0.7 


Yee 



25 
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Comparative Ev.irri ple B: PP/deeatin 

PP/decahn solutions were prepared by mixing, in au Erlcnmeyer, a particular amount (See 
Table 2 below) of HP m lOOmL of decalin along with 0.5 wt% (relative lo the weight of PP) 
antioxidant. The thus prepared mixture was flushed several times with nitrogen and degassed 
5 for 30-45 min under vacuum. Subsequently, the mivhire was heated to I60-175°C under 
nitrogen and held for 30 min under stirring resulting in a clear, homogeneous polymer 
solution. The thus obtained polymer solution was maintained for another J 0 min at the same 
temperature and then poured into aluminum trays (which were at room temperature). The 
thickness of the resultant polymer solution layer in the tray was in the range of about S-IO 
10 mm. 



15 



Cooling of these solutions in the aluminum trays resulted in (weak) gels after a period of time 
exceeding 30 min. The decalin was removed from the gels in the aluminum tray by allowing 
die solvent to evaporate during 24-48 hit at room temperature. Removal of the solvent from 
gels formed from solutions containing 4 wt % or less PP resulted in "mud-cracked", brittle 
films. Gels produced from solutions containing 5 wt % of PP consistently yielded coherent, 
ductile films. 



Table 2: PP/Decalin 



20 



~No. 


PP (wt%) 


Gelation 


Gelation time 


Film quality after evaporation of solvent 


1 


• 1.0 


Yes 


> 30 min 


cracked, brittle 


2 


2.0 


Yes 


> 30 min 


cracked, brittle 


3 


3.0 


Yes 


> 30 nun 


cracked, brittle 


4 


4,0 


Yes 


> 30 min 


cracked, brittle 


5 


5.0 


Yes 


> 30 min 


coherent, ductile 



Example 1: PP/DMTm s/rwa|j n 

PP/DMDBS/dccalin solutions were prepared by mixing, in an Erlenmeyer, a particular 
amount (See Table 3 below) of Pr and DMDBS in 100 mL of decalin along with 0.5 wt % 
(relative to the weight of PP) antioxidant. The thus prcpaied mixture was flushed several 
25 tunes with nitrogen and degassed for 30-45 min under vacuum. Subseouendy, the mixture 
was heated to 160-1 75X under nitrogen and held for 30 min under stirring, resulting in a 
clear, homogeneous polymer solution. The thus obtained polymer solution was maintained 
for another 10 min at the same temperature and then poured into aluminum trays (which were 
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at room temperature). The thickness of the resultant polymer solution layer in the tray was in 
the range of about 5-10 mm. 

Cooling of these solutions in the aluminum trays resulted in nels after a period of rime of 5 
minutes or less,, in some eases less than 30 seconds. Also, filaments (abuul 0.5mm diameter) 
drawn from the polymer solution right after pouring the solution in the aliiminum tray gelled 
almost instantaneously upon drawing. 

The decalin was removed from the gels in the alumiuum iray by allowing the solvent to 
evaporate during 24-48 hrs at room temperature. Removal of the solvent from gels resulted ii 
coherent, ductile films (hereinafter also referred to as "dried, gel -coat films"). 
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Table 3: PP/DMDBS/Decalin 



VT 

Na 


PP (wt %) 


DMDBS (Wt %) 


Gelation 


Gelation time 


Film quality after 
evaporation of solvent 


i 
i 


l.U 


A 1 
0.1 


Yes 


< 1 min 


coherent, ductile 




1 a 

1.0 


A A1 

0.01 


Yes 


n.m. 


coherent, ductile 


•j 


1 n 

1 .1.1 


U.UU75 


Yes 


n.m. 


coheieul, ductile 


A 


i n 


0.005 


Yes 


n.m. 


cracked, brittle 


C 

J 


1.0 


0.0025 


Yes 


n,m. 


cracked, brittle 


0 


2.0 


0.1 


Yes 


< 1 min 


coherent ductile 


1 


2.0 


0.02 


Yes 


n.m 


coherent ductile 


0 

O 


2.0 


0.015 


Yes 


n.m. 


coherent ductile 




2.0 


0.01 


Yes 


< 5 min 


coherent ductile 


10 


2.0 


0.005 


No 


None 


cracked, brittle 


1 1 


2.5 


0.1 


Yes 


< 1 min 


coherent ductile 


1 n 

U 


2.5 


(1.075 


Yes 


n.m. 


coherent ductile 


13 


2.5 


0.01875 


Yes 


~ 1 min 


coherent ductile 


14 


2.5 


0.0125 


Yes 


~ 1 min 


coherent ductile 


15 




O.O0G25 


Yes 


- 1 min 


cracked, brittle 


ID 


J.O j 


A 1 i 

0.1 


Yes 


<lmin 


coherent, ductile 


1 7 




A A^ 

0.03 


Yea 


n.m. 


coherent, ductile 


1 fi 
lo 


.l.U 


0.0225 


Yes 


< 2 Tnin 


coherent, ductile 


1 o 


3.0 


0.01 5 


Yes 


< 2 min 


coherent, ductile 


20 


3.0 


0.0075 


Yes 


<2min 


coherent, ductile 


21 

~22 


4.0 


0.1 


Yes 


< 1 min 


coherent, ductile 


4.0 


0.04 


Yes 


n.m. 


coherent, ductile 


23 


4.0 


0.03 


Yes 


< 1 min 


coherent, ductile 


24 


4.0 


0.02 


Yes 


- 1 min 


coherent, ductile 


25 


4.0 


0.01 


Yea 


<2min 


coherent, ductile 


26 


5.0 


0.1 


Yes 


< 1 min 


coherent, ductile 



n.m. = not measured 
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Note that the results in Table 3 were obtained with PP of a relatively low molecular weight. 
When polymer grades of higher molecular weights arc used, also, for instance films of the 
compositions 4, 5. 10, 15 may become ductile. 

Example 2: 

Specimens taken from the dried, gel-east films obtained in Example 1 were drawn. Drawing 
was performed using rectangular specimens (20 mm long and 2 mm wide) cut from the dried 
gel-cast films. The specimens were drawn with an Instron tensile-tcatcr (model 4464) 
equipped with a hot-air oven at temperatures ranging from 90 to 160 °C and at a rate of 
elongation of 100 mm/min. The draw ratios (X = final/initial length) were detennincd from 
the separation of ink marks placed 2 mm apart on the specimen prior to drawing. 

By one-stage drawing at elevated temperatures (120-160 °C), draw ratios up to about 30 or 
even more were achieved. Draw ratios of 60 or even more were achieved by two-stage 
drawing. Tw 0 - S tage diawing was performed by first drawing a specimen to a draw ratio of 
about 10 to 20 at 120°C, and in a second step drawing the specimen farther at a temperature 
between 130-160 °C. The second step drawing was performed with 20mm samples and a 
drawing rate of 20 mm/min. 

The mechanical properties and melting temperatures of drawn specimens are shown in 
Figures 1 and 2. 

Example 3: 

A dried, gel-east film was prepared according to the procedure of Example 1, except that a 
different polypropylene sample was used. The isotactic polypropylene used woa grade 
HA510MO from BOREALIS, having a melt-flow rate (230 T/2.16 kg) of 0.35 g/10 min, 
which (according to the literature) corresponds to a weight average molecular weight M w of 
approximately 400.10 3 - 600.10 3 g/mol. See "Polymer Handbook", 4 th Ed, J. Brandmp et al., 
Wile v, 1 999, V/25: and "Polymers - A Property Database", Ed. B. Ellis, Chapman & Hall, 
London, 2000. The concentration of the HA5010IVI(.) and DMDBS were, respectively, 
2.0wt% and 0.01 1 wt %. Specimens taken from the dried, gel-cast film were drawn according 
to the procedure of Example 2. The draw ratios and mechanical properties are listed in the 
graphs of Figure 3 as triangles. 
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Example 4 

Example 3 was repeated, except that a different nucleating agent was used (N,N*- 
dicyclohexyl-2,6-naphthalene carboxamide C'NI.MOO" New Japan Chemical)) and that the 
concentrations uf HA5010MO and NU-100 were, respectively, 1.0wt% and <U)05wt%. The 
5 draw ratios and mechanical properties aic listed in the graphs of Figure 3 as circles. 
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